The spinel-structured lithium manganese oxide (LiMn2O4) is a material currently used as cathode for secondary lithium-ion batteries, but whose properties are not yet fully understood. Here, we report a computational investigation of the inversion thermodynamics and electronic behaviour of LiMn2O4 derived from spin-polarised density functional theory calculations with a Hubbard Hamiltonian and long-range dispersion corrections (DFT+U -D3). Based on the analysis of the configurational free energy, we have elucidated a partially inverse equilibrium cation distribution for the LiMn2O4 spinel. This equilibrium degree of inversion is rationalised in terms of the crystal field stabilisation effects and the difference between the size of the cations. We compare the atomic charges with the oxidation numbers for each degree of inversion. We found segregation of the Mn charge once these ions occupy the tetrahedral and octahedral sites of the spinel. We have obtained the atomic projections of the electronic band structure and density of states, showing that the normal LiMn2O4 has half-metallic properties, while the fully inverse spinel is an insulator. This material is in the ferrimagnetic state for the inverse and partially inverse cation arrangement. The optimised lattice and oxygen parameters, as well as the equilibrium degree of inversion, are in agreement with the available experimental data. The partially inverse equilibrium degree of inversion is important in the interpretation of the lithium ion migration and surface properties of the LiMn2O4 spinel.
I. INTRODUCTION
The current academic and industrial interest in lithium manganese oxide LiMn 2 O 4 spinel is based on its existing and future application as a cathode material for rechargeable (secondary) lithium-ion batteries.
1 LMO, short for the LiMn 2 O 4 spinel, is considered the material of choice for the reduction cathodes due to its structural network of three-dimensional channels that allow the fast diffusion of lithium ions 2 during the battery charge and discharge, resulting in a relatively high rate for these processes.
3,4
LiMn 2 O 4 is an environmentally friendly compound and less toxic than the currently commercialised counterparts (e.g., LiCo 2 O 4 ). 5 Moreover, the availability of the constituent elements and the thermal stability of this compound, 6 make it affordable and suitable for high power and sustainable energy applications. 1, 7 Lithium is the smallest of the alkaline metals and as such it can be reversibly inserted at room temperature into the lattice of several spinels, forming compounds such as LiMn 2 O 4 . The intercalated Li 1+y Mn 2 O 4 system is cubic at y = 0, but easily becomes tetragonal as y starts to differ from zero. 3, 8, 9 LiMn 2 O 4 is a mixed electronic/ionic conductor in which the mobile Li ion can diffuse throughout interconnected cavities within the Mn 2 O 4 framework. The preferred method for preparing LiMn 2 O 4 spinel is the solid-state reaction of a mixture in stoichiometric proportions of Li 2 CO 3 and Mn 2 O 3 , 8, 10 or Mn 2 (CO 3 ) 3 10,11 in air at 650 • C.
3
Bimetallic spinels of the type CD 2 O 4 crystallise in the F d3m space group (No. 227). These materials have an array of oxygen atoms forming a face-centred cubic (fcc) sub-lattice with 1/8 of the tetrahedral interstitial sites and half of the octahedral sites occupied by the cations. Spinels with this stoichiometry can exist in a range of cation arrangements, whose extreme structures are the normal and inverse distribution. For the normal spinel, characterised by a unique structure of complete order, the C cations are filling the tetrahedral positions (A) and the D ions are restricted to the octahedral holes (B). However, the inverse structure has a range of configurations where half of the D cations are occupying the tetrahedral positions and the other half along with the C ions are distributed in the octahedral sublattice. The degree of inversion (x) quantifies the fraction of tetrahedral positions occupied by the D cation when the spinel formula is more conveniently expressed as (
12 Each degree of inversion has a number of associated atomic configurations with reduced symmetry. However, the F d3m symmetry is preserved if all the cation positions within each sub-lattice are effectively equivalent by considering that they are randomly distributed. Furthermore, the cubic LiMn 2 O 4 structure suffers a first order phase transition at the Verwey-like temperature of T V = 283.5 K, 13 transforming either partially into a crystal with tetragonal space group I4 1 /amd (No. 141), 14 as supported by computa-tional simulations, 15 or fully into the single orthorhombic symmetry F ddd (No. 70). 16 Both then convert further into the tetragonal phase, 17 due to the cooperative JahnTeller distortion of the Mn 3+ ions.
18
The magnetic properties of LiMn 2 O 4 have been widely reported in the literature, which has offered theoretical, computational and experimental insights into the various possible arrangements of the magnetic moments of the Mn atom. Although the magnetic properties of this spinel originate in the Mn unpaired electrons, the total magnetisation is given by the ground state configuration of the magnetic moments of these atoms under specific conditions. From a theoretical viewpoint, the high-spin Mn cations are antiferromagnetically coupled via the super-exchange mechanism, where the closedshell oxygen anions act as intermediaries. The superexchange mechanism is most effective when the transition metal cations and the oxygen atoms are forming the angle ∠ Mn−O−Mn = 180
• . 20, 35 In the normal spinel, where all the magnetic carriers are in the octahedral positions and the angle ∠ Mn B −O−Mn B ≈ 95
• , the weak and negative super-exchange interactions between them drives the antiparallel alignment of the magnetic moments of the Mn atoms, whereby the total magnetisation value of LiMn 2 O 4 vanishes. However, these negative super-exchange interactions are stronger between the Mn ions populating different sub-lattices, as angle ∠ Mn A −O−Mn B ≈ 120
• is closer to 180
• than within the same sub-lattice, leading to ferrimagnetism in the inverse LiMn 2 O 4 spinel. The magnetic sublattice of the normal LiMn 2 O 4 forms a pyrochlore network, where the Mn B atoms are located at the apices of corner-sharing tetrahedra. 19 Antiferromagnets with the pyrochlore atomic arrangement are geometrically frustrated systems, 20, 21 as the atomic Mn B magnetic moments cannot simultaneously be aligned antiparallel to each other, forming a canted configuration in order to cancel the total magnetic moment. 19 This generates a ground state composed of a collection of structures with different spin configurations and degenerate energies.
22
Most of the computational and experimental studies of the magnetic properties of LiMn 2 O 4 have described the collinear short-and long-range magnetic orderings, leading to seemingly contradictory results as the noncollinear magnetic configurations were overlooked. For example, density functional theory simulations with a Hubbard Hamiltonian (DFT+U ) of the primitive cell of the normal LiMn 2 O 4 suggest that the ferromagnetic ordering is 24 meV per formula unit (f.u.) lower in energy than the antiferromagnetic configuration, 23 19, 34 identifying the magnetic arrangement with the canted spins. As we are studying a number of intermediate degrees of inversion with the ferrimagnetic ordering (between the tetrahedral and octahedral positions), we have not attempted to simulate the normal spinel with the antiferromagnetic configuration (within the octahedral positions) as this will entail changing the magnetic arrangement as soon as the spinel starts to invert.
Here, we have used DFT+U simulations to study how the degree of inversion modifies a number of properties in the room temperature cubic crystal structure of the LiMn 2 O 4 spinel. We investigate the equilibrium cation arrangement using thermodynamic arguments and analyse the effect of the crystal field stabilisation effects and sizes of the cations. We also discuss the magnetic and electronic structure of LiMn 2 O 4 for the extreme degrees of inversion.
II. COMPUTATIONAL METHODS

A. Calculation details
The LiMn 2 O 4 spinel structure was modelled using spin-polarised density functional theory (DFT) calculations as implemented in the Vienna Ab-initio Simulation Package (vasp). 36 All calculations were performed within the generalised gradient approximation (GGA) using the exchange-correlation functional of Perdew-BurkeErnzerhof (PBE). 37 The core electrons and their interaction with the valence ones were described using the projector augmented-wave (PAW) method 38 in the implementation of Kresse and Joubert 39 . The frozen core consisted of up to and including the 3s and 1s orbitals for the Mn and O atom, respectively. For the Li atoms, all the electrons were treated as valence. The kinetic energy cutoff was fixed at 560 eV for the plane-wave basis set expansion of the Kohn-Sham (KS) valence states. A Γ -centred Monkhorst-Pack grid 40 of 7 × 7 × 7 k-points was used to carry out the integrations in the reciprocal space of the primitive unit cell. In order to improve the convergence of the Brillouin-Zone integrations, the electronic partial occupancies were determined using the Gaussian smearing, with a width for all calculations set at 0.05 eV. These smearing techniques are considered as a form of a finite temperature DFT, where the electronic free energy is the variational quantity. 41 However, the tetrahedron method with Blöchl corrections 42 was used for the calculation of the electronic and magnetic properties and to obtain very accurate total energies. The semi-empirical method of Grimme with the BeckeJohnson damping [D3-(BJ)] was also included in our calculations for the modelling of the long-range dispersion interactions. 43 We have included the Van der Waals interactions in the simulation of the bulk phase of the typically ionic LiMn 2 O 4 for consistency with future work. We expect to investigate the interaction of molecular adsorbates with the surfaces of this spinel, where dispersion effects are a major contribution to the energy and should therefore be included in the calculations.
44? ? Geometry optimisations were conducted via the conjugategradient technique and were considered converged when the Hellmann-Feynman forces on all atoms dropped below 0.01 eVÅ −1 . All internal coordinates and lattice parameters were fully relaxed in the rhombohedral primitive unit cell, while ensuring that the conventional unit cell was always perfectly cubic.
29
A Hubbard correction
45 in the formulation of Dudarev et al. 46 was applied to the Mn 3d orbitals to improve the description of the electron localisation. Our optimised effective parameter (U eff = 4.0 eV) is within those values reported in the literature for the simulation of LiMn 2 O 4 spinel. 15, 23, 24, 30 We have developed the U eff value by fitting the position of the valence band maximum (VBM) and conduction band minimum (CVM) to those obtained from calculations using the screened hybrid functional of Heyd-Scuseria-Ernzerhof (HSE06). 47 For the fitting, we carried out single-point calculations with HSE06, using the structure with normal cation distribution and fully relaxed with the standard PBE functional. We then performed a set of full geometry optimisations followed by single-point calculations using PBE+U . In all the HSE06 simulations, we used the same settings as for the PBE functional.
The values of the initial magnetic moments were specified for the Mn atoms and were allowed to relax during the simulations. The initial moments were oriented parallel within each sub-lattice occupied by magnetism carriers and antiparallel to the other sub-lattice when it contained Mn atoms. Magnetic moments associated with different high-and low-spin electronic state combinations were tested for the Mn atoms. A Bader analysis of the atomic charges and spin moments was carried out by integrating these quantities within regions with zero flux of electronic density.
48
In order to determine the number of possible configurations that exist for LiMn 2 O 4 supercells of different size, we have used the site-occupancy disorder (SOD) program. 49 . This code produces the full configurational spectrum for each cell and identifies those symmetrically inequivalent configurations. Two configurations are considered symmetric if there is an isometric transformation derived from symmetry operators of the parent structure that relates these atom arrangements.
B. Configurational free energy of inversion
For the analysis of the thermodynamics of inversion, we have treated the interchange of cations as a chemical equilibrium. 50 The configurational free energy of inversion (∆F config ) was determined in the usual way, by combining the configurational energy (∆E config ) with the configurational entropy (∆S config ) at a temperature T according to the equation
We have assumed that the solid solution of the Li and Mn is ideal and have defined the complete ordered (normal) spinel as the standard state. Thus, ∆E config is calibrated with respect to the normal LiMn 2 O 4 as ∆E config (x) = E config (x) − E config (x = 0). The equation for ∆S config is expressed as the purely configurational random mixing of the two cations on the tetrahedral and octahedral sites as
The entropy calculated via Eq. 2 takes the units from the ideal gas constant (R) and its value depends solely on the degree of inversion. ∆S config = 0 for the absolutely ordered normal spinel, in line with its definition as the standard state. ∆S config becomes increasingly positive as the Li and Mn cations are interchanged up to x = 2/3, when the spinel reaches the complete disordered distribution. The configurational entropy decreases to the value of 2R ln 2 for the fully inverse spinel. This methodology has previously been used successfully for the simulation of the inversion thermodynamics of a number of spinels.
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III. RESULTS AND DISCUSSION
A. Thermodynamics of the cation distribution in LiMn2O4
Configurational spectrum
We first investigate the distribution of the Li and Mn cations in the tetrahedral and octahedral positions of the rhombohedral primitive unit cell of the LiMn 2 O 4 spinel. Our starting point is the fully ordered (normal) spinel structure with space group F d3m (No. 227) determined by Strobel et al. 10 , where the Li ions are distributed in the Wyckoff 8a tetrahedral positions and the Mn atoms in the 16d octahedral positions [see Fig. 1(a) ]. However, in order to simplify the notation used in this paper, we will refer to the tetrahedral and octahedral sub-lattices as "A" and "B", respectively. Table I lists the total number of cation configurations (N ), together with the number of symmetrically inequivalent configurations (M ) as function of the total number of formula units (n f.u. ), as determined using SOD. The total number of combinations of the two Li atoms over the A and B sites of the rhombohedral primitive unit cell (n f.u. = 2) is 6!/(2! × 4!) = 15, but only 3 of these are inequivalent. These 3 inequivalent configurations correspond to a degree of inversion of x = 0.0, 0.5 and 1.0, describing the lithium occupancy of 1, 1/2 and 0 on the A sites (see Fig. 1 ). To model additional degrees of inversion (i.e., x = 0.25 and 0.75) with integer occupancies of Li, we double the unit cell along one axis. Any axis can be chosen, given the symmetry of the rhombohedral cell, forming a 2 × 1 × 1 supercell that contains four Li cations (n f.u. = 4). However, the simulation of this supercell becomes prohibitive as it is defined by 95 inequivalent configurations. Of course, larger supercells can be constructed to simulate other degrees of inversion, but this only increases the number of inequivalent configurations of our model. Thus, all the calculations in this work were carried out using the primitive unit cell with n f.u. = 2 unless otherwise stated. This model has been found sufficient to appropriately describe the spinel properties for these degrees of inversion.
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Equilibrium configurational structures
Table II summarises the relaxed unit cell (a) and oxygen (u) parameter for the three simulated degrees of inversion (x = 0.0, 0.5 and 1.0). Clearly, our calculations somewhat overestimate the experimental lattice parameter for any degree of inversion. However, we found that the optimised oxygen parameter is in better agreement with experiments than the lattice parameter, with only a reported difference in the third decimal place. In general, the fully inverse spinel exhibits the smallest deviation from experiment for both structural parameters, with a overestimated by 0.036Å and u underestimated by 0.002. We should note that the oxygen parameter for all degrees of inversion is above the ideal value of 0.250 expected for the perfect closest-packing arrangement of the oxygen atoms in the spinels. This deviation indicates that the oxygen atoms move in the [111] direction as the interstitial tetrahedral and octahedral sites are filled by cations of specific sizes.
Inversion thermodynamics and equilibrium degree of inversion
The calculated values for the inversion configurational energy per formula unit (∆E config ) indicate that the halfinverse LiMn 2 O 4 spinel, with space group R3m (No. 160), is the most stable structure [see Fig. 2(a) ]. We also found that the normal spinel, with the F d3m symmetry, is ∼ 60 kJ mol −1 more favourable than the cation arrangement with degree of inversion x = 1.0 and space group Imma (No. 74). This result is in good agreement with previous DFT calculations, where the antiferromagnetic character of LiMn 2 O 4 was not considered (for the degrees of inversion x > 0.0), 23 suggesting that the trend in the inversion thermodynamics does not depend on different spin configurations. Interestingly, the above artificial lowering of the symmetry is the result of swapping the site of the Li for the Mn atom in the primitive unit cell of the spinel. Therefore, any symmetry lowering is the result of the choice of the simulation cell, as the periodic boundary conditions dictate a particular cation arrangement with perfect long-range order. Obviously, the use of incommensurate cells circumvents this problem by allowing a quasi-random configurations of cations, but this comes at the cost of excessive simulation times. 55 In order to predict the configurational energy for any value of the degree of inversion, we have have used a quadratic equation. This type of fitting, initially empirically proposed by Kriessman and Harrison 57 and later theoretically confirmed by O'Neill and Navrotsky 58 , has been used for the modelling of different spinels, providing results in close agreement with experiments.
52,53 Figure 2 (a) shows that the configurational inversion energy is negative for the degree of inversion 0.0 < x < 0.6, becoming positive for the rest of the range of x.
To validate the equation for the above fitting, we have calculated the configurational energy for the 2 × 1 × 1 supercell with the degree of inversion x = 0.25. For this purpose, we have generated the six inequivalent configurations, whose energies are spread from −2.16 to −13.21 kJ mol −1 [see Fig. 2(a) ]. The two structures with the highest R3m symmetry have the highest value of the configurational energy. On the other hand, the cation arrangements with the lower symmetry, i.e., with space group Cm (No. 8) have larger degeneracy and are clustered in a narrower range of inversion energy. Thus, the average configuration energy of the ensemble for the supercell with degree of inversion x = 0.25 is only around 2 kJ mol −1 lower in energy than the quadratic interpolation, supporting the model based on the results from the primitive unit cell.
We have obtained the configurational free energy of inversion (∆F config ) from ∆E config and the configurational inversion entropy (∆S config ), following the procedure explained in section II B. We have estimated the free energy of inversion between 300 and 1200 K, i.e., room temperature and the typical synthesis temperature, respectively [see Fig. 2(b) ]. At the temperatures under consideration, the LiMn 2 O 4 spinel is predicted as partially inverse with 0.32 < x < 0.37 under equilibrium conditions as a result of the minimum of the inversion energy at x = 0.3. To the best of our knowledge, this equilibrium degree of inversion has not been found in previous computational works as the half-inverse LiMn 2 O 4 spinel has thus far not been modelled. However, our equilibrium degree of inversion is in excellent agreement with the value of x = 0.333 reported by Chukalkin and co-workers after irradiating samples of this material with fast neutrons at 340 K.
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B. Electronic structure of LiMn2O4
Although the thermodynamics of inversion provide evidence of the equilibrium cation distribution in spinels, they do not offer an explanation at the atomic or electronic level. The equilibrium degree of inversion has traditionally been rationalised in terms of the interplay between the relative sizes of the cations and the crystal field stabilisation energy for these ions in the tetrahedral and octahedral coordination environments. As such, the value of any observable property derived from the electronic and magnetic structure of the LiMn 2 O 4 spinel will depend on the equilibrium cation configuration. For intermediate degrees of inversion, the expected value of any such properties can be interpolated from the normal and inverse spinel. In this section we examine the effect of the sizes of the cations and the crystal field stabilisation energy on the equilibrium cation arrangement in the LiMn 2 O 4 spinel, followed by the analysis of the electronic and magnetic properties of the completely normal (x = 0.0) and fully inverse (x = 1.0) LiMn 2 O 4 and the deduced behaviour for the spinel with partial equilibrium degrees of inversion.
Size of the cations and crystal field stabilisation energy
For the analysis of the sizes of the cations, we have assumed that all ions are rigid spheres lying in contact. This model allows us to define the ratio between the tetrahedral (R A ) and octahedral (R B ) bond distances exclusively as a function of the oxygen parameter u. Taking into account that the tetrahedral sites are larger than the octahedral ones for u > 0.2625, 59 which is the case for the normal (x = 0.0) and half-inverse (x = 0.5) spinel (see Table II ), we expect that R B < R A for the stable LiMn 2 O 4 .
We have used the Shannon effective radii, which depend on the coordination number, electronic spin and oxidation number, 60 as they provide a good indication of the bond distance of the ion in question. The crystal field stabilisation is an important factor to consider when comparing the feasibility of the Li and Mn atoms to occupy the two types of cation positions within the spinel. The crystal field stabilisation energy measures the splitting of the open shell d levels in transition metals placed in a field of anions. Fig. 3 shows the crystal field splitting and the expected electronic occupation of the Mn 3d orbitals for the formal 3+ and 4+ oxidation states in the tetrahedral and octahedral coordination environments. Thus, the crystal field stabilisation energy for cations in a tetrahedral and octahedral environment of oxygen ions 61, 62 Fig. 3 ), 62 which leads to the conclusion that Mn 4+ ions will tend to remain in the octahedral positions once the LiMn 2 O 4 spinel becomes (partially) inverse.
Atomic charges and spin moments
Table III summarises the charge (q) transferred between the neutral atoms upon the formation of LiMn 2 O 4 . All the calculated ionic charges are systematically underestimated for any degree of inversion, which is normal for Bader charges. 53, 63 The charge of the monovalent Li is 12% smaller than its oxidation state, while for the Mn in the normal spinel it is ∼49% below the average effective oxidation state of 3.5+. The lack of charge separation within the Mn sublattice in the normal spinel is consistent with the unique symmetry of the octahedral positions they are filling in the room-temperature cubic crystal structure. However, it should be noted that Mn charge segregation has been found if the cubic symmetry is allowed to break to obtain the crystal structures reported below the Verwey-like temperature. 64 Our simulations show that the Li and O charges are not sensitive to the cation arrangement. Moreover, the Mn charge of the atoms occupying the octahedral position B in the normal spinel is intermediate between those in the tetrahedral A and octahedral B positions of the inverse spinel. The relative charges of the Mn atoms in the tetrahedral TABLE III. Atomic charges (q), atomic spin moments (ms) and total spin magnetisation of saturation (MS) per formula unit (f.u.) for the normal (x = 0.0) and inverse (x = 1.0) LiMn2O4 spinel. All properties were calculated by means of a Bader analysis. and octahedral sites of the inverse spinel suggests that q A < q B .
Table III also shows the atomic spin moments per atom (m s ) for the LiMn 2 O 4 spinel. As expected, the Li and O atoms are non-magnetic or have very low magnetic moments in the normal and inverse spinel, respectively. When x = 0.0, the spin moment of Mn B is overestimated by 0.16 µ B atom −1 compared with the one expected for the electronic distribution of an equal mixture of the Mn B 3+ : t . In the inverse spinel, we found that our calculations underestimate slightly the expected value for the spin moments of the Mn A and Mn B ions. Our results also indicate that the Mn atom with the largest spin moment has high-spin electronic distribution and is located in the tetrahedral position, in agreement with the charge analysis. The underestimated atomic spin moments can be interpreted as the result of the itinerant electron magnetism. 65 It is well known that the 3d itinerant electrons interact strongly with one another and are not localised on atoms but move from atom to atom within the crystal. Figure 3 displays a representation of the electronic configuration of the Mn ions with formal oxidation numbers 3+ and 4+ when placed in octahedral and tetrahedral fields of anions. As discussed above, the charges and magnetic moments are the same for all the Mn B atoms, rendering them equivalent in the normal spinel, whose crystal symmetry (F d3m space group) is therefore not affected. The indistinguishable Mn B ions can be understood on the basis that one electron is hopping from the Mn 3+ to the Mn 4+ , in agreement with the good electronic conduction properties of this material. 66 Although the Mn B charges are underestimated (1.78 e − /atom), the prediction of the spin moments (3.66 µ B /atom) is in much better agreement, with 3.5 unpaired electrons for the average charge of Mn 3+ and Mn 4+ atoms in a 1:1 ratio. Upon inversion, the crystal symmetry is reduced to the Imma space group, as half of the Mn ions occupy the tetrahedral positions. Here, we found segregation of the Mn charges for this cation configuration. The oxidation numbers inferred from the Bader charges are again under-estimated, but the spin moments for the Mn A (3.89 µ B /atom) and the Mn B (2.91 µ B /atom) are in even closer agreement with 4 and 3 unpaired electrons, respectively, than in the normal spinel. The preference of the Mn 4+ ions to remain in the octahedral positions deduced from the OSPE for the inverse spinel is also in agreement with the spin moments of the Mn A and Mn B atoms.
In order to gain a more complete characterisation of the LiMn 2 O 4 properties, we have calculated the magnetisation of saturation (total spin magnetisation) M S following the so-called Néel model. 67 This property, which quantifies the largest magnetisation per formula unit that a material can attain under an increasing magnetic field, is obtained as the sum of the atomic spin moments of the tetrahedral, octahedral and oxygen sub-lattices. We found that the LiMn 2 O 4 spinel is ferrimagnetic for all degrees of inversion x > 0.0. In this way, as the spinel gains disorder, the total magnetisation decreases. The M S values for the two extreme degrees of inversion can be interpolated to infer the magnetisation of saturation of the spinel with the equilibrium degree of inversion of x = 0.3. Assuming a linear dependence of the total spin magnetisation with respect to x, we can propose that M S = 4.6 µ B f.u.
−1 for the conditions of thermodynamic equilibrium. 
(Color online) Atomic projections of the spin decomposed electronic band structure (left and right panels) and total density of states (PDOS) (middle panel) for LiMn2O4 with degree of inversion x = 1.0. α and β stand for the majority and minority channel of the spins, respectively.
Density of states
The density of states (DOS) in Fig. 4 shows that the normal spinel is half-metallic. At the Fermi energy (E F ), the spin-up (α channel) partially occupied e g level of the Mn B 3+ ions appears strongly hybridised with the O 2p orbitals, while the minority spin channel (β) is insulator. The other valence bands of the Mn B ions (t 2g ) in the majority channel of the spins dominate the bottom of the valence band at −6.0 eV. The unoccupied t 2g and e g levels of Mn B appear at 2.8 and 3.7 eV in the majority channel of the spins, with the latter one weakly hybridized with the O 2p orbitals. The contribution from the occupied O 2p orbitals to the DOS is spread between −8.5 and −2.0 eV in the α spin channel and between −6.5 and −2.2 eV in the β channel. The empty levels of the anion are highly localised and coupled with the Mn B levels.
The inversion of all the Li cations to half of the octahedral positions in LiMn 2 O 4 generates two types of B positions, the Mn B containing 50% of Mn and the Li B with all the Li (see Fig. 5 ). With this cation distribution, the spinel becomes an insulator with the smallest bandgap predicted in the minority channel of the spins. As discussed in subsection III B 2, the Mn ions suffer charge segregation as a result of the LiMn 2 O 4 inversion. The occupied t 2g band of the highest charged Mn B ion is located approximately in the same position as in the normal spinel, although less intense and strongly hybridised with the O 2p orbitals. The t 2g and e g levels in the minority spin channel are merged altogether at 2.8 eV, and the unoccupied e g band in the α channel is shifted to 1.5 eV with respect to Mn B in the normal spinel. The e bands and part of the t 2 bands of the Mn A ion in the β spin channel are occupied and are highly hybridised with the O 2p orbitals. The rest of the Mn A levels are unoccupied and therefore in the conduction band. The O 2p valence band runs from −7.2 and −0.8 eV in the majority spin channel, while the band edges are shifted ∼ 0.8 eV in the β channel. As in the normal spinel, the unoccupied O orbitals have relatively low intensity and are contained within the cation bands.
We have found that the Li ion contribution to the DOS in the −8.5 to 5.0 eV range is negligible for any degree of inversion. Thus, this cation does not directly influence any of the electro-magnetic properties of the LiMn 2 O 4 spinel. Moreover, the half-metallic and insulating properties of the normal and fully inverse LiMn 2 O 4 spinels, respectively, were confirmed by the integer values calculated for the total spin magnetisation (see Table III and Figs. 4 and 5) . More details regarding the relationship between the total number of electrons and the conducting properties of a given material can be found elsewhere. 53 
Electronic band structure
The electronic band structure depicted in Figs. 4 and 5 shows that Γ , K and X are the three high symmetry points, which contribute to the valence and conduction band extrema. Therefore, we focus our attention on the direct and relevant indirect transitions for each degree of inversion and spin channel where a band gap exists.
For the β channel of the normal spinel, the VBM is dominated by the O 2p orbitals, while the CBM is mostly derived from the Mn B t 2g levels. The calculated Γ −Γ transition energy is 3.7 eV for this spin channel and degree of inversion. We do not calculate the energy of any indirect transition as the VBM and CBM are at the Γ point for the minority channel of the normal LiMn 2 O 4 .
For the degree of inversion x = 1.0, there is a band gap opening in the majority spin channel. The top edge of this band gap is composed of a mixture of states resulting from both the Mn B e g states and the O 2p orbitals. Our DFT simulations also show that the indirect Γ to X transition is 0.6 eV lower in energy than the direct transitions at Γ and X that are close in energy. Upon inversion, the composition of the VBM and CBM of the β spin channel remain largely unchanged with respect to the normal spinel. However, the electronic band gap suffers a reduction and the lowest energy transition is indirect and occurs between Γ and K (0.1 eV). We did not find evidence of the Mn A cations playing any direct role in the electronic properties of the inverse spinel.
IV. SUMMARY AND CONCLUSIONS
In this study we have reported the electronic and magnetic structure along with the equilibrium cation distribution of the LiMn 2 O 4 spinel. We have modelled all the cation arrangements of four degrees of inversion by using the primitive unit cell and a 2 × 1 × 1 supercell. The equilibrium degree of inversion determined between room temperature and the firing temperature shows that Li and Mn have approximately a 7:3 ratio preference for the tetrahedral sites in agreement with the available experimental data. The calculated lattice and oxygen parameters for the different degrees of inversion compare well with those obtained from X-ray crystallographic data. The relative size of the cations explain qualitatively the intermediate equilibrium degree of inversion found for LiMn 2 O 4 , but no conclusion can be drawn from the crystal field stabilisation effects
As it is commonly found, all atomic charges are underestimated with respect to the oxidation numbers for the normal and fully inverse spinel. The Mn atoms experience a charge segregation upon the spinel inversion, with those holding the lower charge located in the tetrahedral positions A. The Li and O charges do not change for any of the simulated degrees of inversion. The largest total spin magnetisation was calculated for the degree of inversion x = 0.0 as all the magnetism carriers are aligned parallel in the octahedral position B. We have predicted the magnetisation of saturation for the calculated equilibrium degree of inversion of LiMn 2 O 4 . We found that Li and Mn A ions do not affect directly the electronic properties for any of the extreme degrees of inversion. The normal spinel is described as a half-metal, while the inverse one is as an insulator. The band gap in the β channel of the normal LiMn 2 O 4 is due to a direct electronic transition at the Γ point. However, the band gap that opens up in the two spin channels of the inverse spinel are associated with an indirect electronic transition with the Γ point always at the edge of the conduction band.
Future work will involve Monte Carlo simulations of larger supercells to sample effectively the entire configurational spectrum and determine the lowest energy configuration with the degree of inversion x = 0.3. This will allow us to study the interaction of the Li-ion battery electrolyte components with the surfaces of the partially inverse LiMn 2 O 4 spinel. 
